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Abstract 


We are developing 1 kW class solid oxide fuel cell (SOFC) system for residential power generation (RPG) application supported by Korean 
Government. Anode-supported single cells with thin electrolyte layer of YSZ (yttria-stabilized zirconia) or ScSZ (scandia-stabilized zirconia) for 
intermediate temperature operation (650-750 °C), respectively, were fabricated and small stacks were built and evaluated. The LSCF/ScSZ/Ni-YSZ 
single cell showed performance of 543 mW cm~? at 650°C and 1680 mW cm~? at 750°C. 

The voltage of 15-cell stack based on 5cm x 5cm single cell (LSM/YSZ/Ni- YSZ) at 150 mW was 12.5 V in hydrogen as fuel of 120 sccm per 
cell at 750°C and decreased to about 10.9 V at 500h operation time. A 5-cell stack based on the LSCF/YSZ/FL/Ni-YSZ showed the maximum 
power density of 30 W, 25 W and 20 W at 750°C, 700°C and 650°C, respectively. LSCF/ScSZ/Ni-YSZ-based stack showed better performance 
than LSCF/YSZ/Ni-YSZ stack from the experiment temperature range. J-V characteristics by using hydrogen gas and reformate gas of methane 


as fuel were investigated at 750 °C in LSCF/ScSZ/FL/Ni- YSZ-based 5-cell stack. 


© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Fuel cell is an electrochemical device which converts chemi- 
cal energy from the reaction of a fuel (H2, CH4, natural gas) with 
an oxidant (Og, air) directly into electrical energy. Fuel cell has 
high efficiency, low environmental impact and modularity. The 
advantage of fuel cell can be used for various application such 
as mobile power, automotives, residential power generation sys- 
tem [1]. SOFC is comprised of ceramic materials and operated 
at high temperatures ranges of 650—1000 °C. It has many advan- 
tages over conventional power-generating systems in terms of 
efficiency, reliability, modularity, fuel flexibility, and environ- 
mental friendliness. Especially, SOFC offers the possibility of 
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combined generation of electricity and heat, thereby can be very 
efficient. 

Lower operating temperature of SOFC (650-750 °C) gives 
many opportunities to select materials for interconnects and 
balance-of-plant (BOP) widely. To reach desirable power 
density at 650-750°C as exploited at 900°C, Planar anode- 
supported thin YSZ electrolyte (~ 10 um) structure was adopted. 
In planar geometry, an anode-supported structure presents 
advantages over a cathode-supported cell such as cell perfor- 
mance and mechanical strength [2,3]. 

In this paper, we investigated performances of single cells 
of YSZ and ScSZ as electrolytes extensively. The 15-cell and 
60-cell stacks by using Inconel as interconnects were fabricated 
and the performance were analyzed, various 5-cell stacks 
comprised of 5cm x 5cm, and 10cm x 10cm cell were built 
and operated by using ferritic stainless steels as interconnects 
for intermediate temperature operations (650—-750°C). I-V 
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characteristics of 5-cell stacks were investigated by using not 
only hydrogen but also reformate gases as fuels. 


2. Experiments 
2.1. Single cell fabrication 


Nickel oxide (NiO) and yttria-stabilized zirconia pow- 
ders (ZrO2 + 8Y203, 8YSZ) were primarily mixed and milled 
together at 50 wt%:50 wt% of powder mixtures to fabricate 
anode-supported type SOFC. Twenty-four volume percent 
graphite powders as pore-former and organic binder were mixed 
in the NiO-8YSZ mixtures with ethyl alcohol, and the mix- 
tures were dried in an oven. The NiO-8YSZ powder mixture 
were isostatically pressed using a rectangular mold and heat- 
treated at 1400°C for an hour to prepare a pre-sintered anode 
substrate. The size of anode substrate was about 6cm x 6cm 
with a thickness of 2mm. Subsequently, the YSZ or ScSZ 
(10 mol% Sc203 + 1 mol% CeO? + ZrO2, 10ScSZ) was coated 
on the substrate by slurry coating technique and the coated sam- 
ples were sintered at 1550 °C for 2 h to form a dense electrolyte 
layer with a thickness of about 20 um. The final size of sin- 
tered cell size was reduced to 5cm x 5 cm and the thickness of 
1.8mm. 

Citrate method was used to synthesize LSM (Lao.gSro.2 
MnO3) or LSCF (Lag 6Sro.4Coo,2Fep.303_53) as cathode mate- 
rials [4]. The LSM and LSCF powders were calcinated at 
800°C for 1h and at 1000°C for 8h, respectively after coat- 
ing on the anode-supported cells. X-ray diffraction patterns 
were analyzed to confirm single perovskite phases of LSM 
and LSCF. The cathode materials were printed with thick- 
ness of 30 um and heat-treated at 1100°C for 2h. The final 
products of anode-supported single cells have an activate 
cathode area of 4.7cm x 4.7cm. When the anode-supported 
cells were fabricated as the size of 10cm x 10cm, the active 
area of cathode were 9.7cm x 9.7cm. The protective layer 
of CeO2—-Gd203 was deposited between LSCF and YSZ (or 
ScSZ) to inhibit undesired chemical reaction between two 
layers. 


2.2. Stack preparation 


2.2.1. Stack using Inconel as interconnects for high 
temperature operation 

Fig. 1 shows planar type SOFC stack, which consist of 15 
and 60 cells by using Inconel as interconnects. A 60-cell module 
was stacked by 2 x 2 array configuration using 5 cm x 5 cm unit 
cells. The planar stack is based on internal manifold and cross 
flow-type structure. Low temperature-melting borosilicate was 
used for sealing of stack. Nickel felts were located between cells 
and interconnects of anode side for current collection. Flexibility 
of the nickel felts may also relieve undesired mechanical stress, 
which can be produced during heating up the stack. Inconel 
mesh coated with LSM-silver paste was introduced for current 
collection of cathode side. Inconel interconnect surface was also 
coated with silver paste to prohibit oxidation. Measurement and 
monitoring of voltages at the stacks were carried out for each 
layer. 


2.2.2. Stack using stainless steel as interconnects for 
intermediate temperature operation 

Ferritic stainless steels were used as interconnects at 
650-750 °C. The metallic interconnects have several advantaged 
as follows: (1) The coefficient of thermal expansion (CTE) of fer- 
ritic stainless steel alloys is close to that of other cell components. 
(2) Stainless steels such as 430 or 446 ferritic alloys, are rela- 
tively cheap. Several shorts stacks as seen in Figs. 8 and 9 were 
built by using ferritic stainless steel (STS 430) as interconnects 
for intermediate temperature operation. However, The oxidizing 
environment of cathode side raises problems of undesired high 
contact resistance due to oxidation on the surface of intercon- 
nects. Cr poisoning to cathode from volatile chromium species 
notably CrO2(OH)2 from the ferritic interconnects is recognized 
as another serious degradation problems of SOFC stack [5]. To 
overcome these problems, composite paste of LSM and silver 
was fabricated and coated at the side of cathode of STS 430 inter- 
connect. At cathode side, Inconel mesh coated with silver paste 
were introduced and Ni felt were used at anode side for current 
collection. Voltage was separately measured and monitored by 


Fig. 1. Photographs of (a) 15-cell and (b) 60-cell stack using Inconel as interconnects. 
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Fig. 2. Long-term performance of single cell over 3.5 years. Single cell consists 
of LSM, YSZ and Ni- YSZ. Two hundred milliamperes per centimeter square of 
current density is applied and the cell voltage is monitored. 


multimeter for each layer and the cell impedance was measured 
by frequency resonance analyzer (Solartron 1287/1260). 


2.3. Stack operation with reformate gas of methane 


A 5-cell SOFC stack comprised of LSCF/YSZ/Ni- YSZ was 
operated with a methane autothermal reformer. The apparatus for 
the operation is composed of reformer system and the stack. The 
reformer was a packed-bed type reactor and was located inside a 
furnace for control of the reaction temperature. Fuel and air was 
fed to the reformer in controlled flow rate by MFCs and HPLC 
pump was used to supply water to the reformer. The reformate 
gas from the reactor was fed to the stack directly through the 
pipe line which was heated by electrical heater for prevention of 
water condensation. Reformate gas composition was analyzed 
by a gas chromatography (Agilent 6890) occasionally to analyze 
the reformate gas composition. 


3. Results and discussions 
3.1. Single cell measurement 


3.1.1. LSM/YSZ/Ni-YSZ single cell 

Long-term durability of our single cell (Lao.gSto.2MnO3/ 
YSZ/Ni-YSZ) has been measured over 3.5 years as seen 
in Fig. 2. The cell voltage has been measured with H2/air 


electrolyte —__,. 


~Dense functional layer 
a of anode 


flow = 150/600 sccm at 750 °C and 200 mA cm? of current den- 
sity. The initial cell voltage was 0.85 V and the voltage was 
decreased to 0.77 V after 3000h and remained as 0.77 V. The 
abrupt voltage drop occurred at about 12,000h of test period 
due to the furnace failure. The performance was slowly recov- 
ered after furnace repair mainly due to slow recovery of current 
collection. The average degradation rate of single cell comprised 
of Lag gSro.2MnO3/YSZ/Ni- YSZ was about 0.5%/1000 h. This 
test shows excellent long-term durability of our cell and the 
expected life time of cells will be order of 10° h. 


3.1.2. LSCF/YSZ/functional layer (FL)/Ni-YSZ single cell 

One of the main electrical losses when SOFC is oper- 
ated at intermediate temperature ranges comes from high 
cathodic resistance [6,7]. To overcome this problem, the 
LSCF (Laj_,Sr,Co _yFeyO3_5) was used as cathode materi- 
als because of its high cathode performance due to the mixed 
ionic and electronic conductivity (MIEC) as reported by us [8,9]. 

Anode property was enhanced by introducing thin and rel- 
atively dense Ni-YSZ cermet as a functional layer (FL) and 
subsequently thick and relatively porous anode layer was fabri- 
cated as seen in Fig. 3(a). The thickness of FL was about 15 wm 
and the size of pore was about 1 um, while average pore size of 
supportive anode was about 5 um. The performance of single 
cell in Fig. 3(a) is shown at Fig. 4. Maximum power density was 
greatly enhanced as 1.2 W cm7? at 750°C and 0.36 W cm7? at 
650°C from improvements of cathode and anode. These results 
are better than those of SOFCs that used the same single cell 
structure of LSCF/YSZ/Ni-YSZ showing 350 mW cm~? [10], 
1 Wem? [11] and 1.1 W cm~? [12] at 750°C respectively, and 
also 370 mW cm~? with Ceo,gGdo.202 as buffer layer [13]. 


3.1.3. LSCF/ScSZ/FL/Ni-YSZ single cell 

There is strong interest in scandia-stabilized zirconia (ScSZ) 
as electrolyte because ScSZ is known to exhibit higher con- 
ductivity as compared to yttria-stabilized zirconia (YSZ). The 
conductivity enhancement in the ScSZ material is attributed to 
the similarity in ionic radii between the host ion Zr and dopant 
Sc. The activation energy for the transport of oxygen ions in the 
ScSZ is also reduced as compared to the value of YSZ [14,15]. 

To improve the cell performance further at intermediate tem- 
perature, ScSZ was adopted as electrolyte as seen in Fig. 3(b). 
Thin and relatively dense functional layer (FL) of anode was 
coated between ScSZ and supportive anode plate to improve the 


(b) 


Fig. 3. Microstructures (cross-section view) of improved anode-supported single cell with (a) YSZ and (b) ScSZ electrolyte. 
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Fig. 4. Performance of LSM/YSZ/Ni- YSZ, LSCF/YSZ/FL (Ni- YSZ)/Ni- YSZ 
and LSCF/ScSZ/FL (Ni- YSZ)/YSZ cells using hydrogen as a fuel at (a) 750°C 
and (b) 650°C. 


anode activity as shown in Fig. 3(b). By using ScSZ instead of 
YSZ as an electrolyte, we achieved another substantial enhance- 
ment for cell performance as shown in Fig. 4(a) and (b). At 
750°C, the ScSZ sample shows power density of 1.7 W cm~? 
at 750°C and 0.55 W cm~? at 650°C. LSCF/ScSZ/FL/Ni- YSZ 
single cell showed superior performance to those used the same 
electrolyte without FL, which exhibited 440 mW cm~? [16] and 
740 mW cm? [17] at 750°C. 

The single cell shows resistance of 0.34 Q cm? at 750°C 
and 0.75 Qcm? at 650°C from the analysis of ac impedance 
responses. The results of /-V—P curves according to the com- 
position of cathode, electrolyte and existence of functional 
layer are summarized in Table 1. The cell of LSCF/ScSZ/FL 
(Ni- YSZ)/Ni- YSZ (anode) shows the best performance among 
the three types of structures; LSCF/ScSZ/FL (Ni-YSZ)/Ni- 
YSZ (anode), LSCF/YSZ/FL (Ni-YSZ)/Ni-YSZ (anode) and 
LSM/YSZ/Ni- YSZ (anode). 


The cell of LSCF/ScSZ/FL (Ni- YSZ)/Ni- YSZ (anode) shows 
the five time higher power density than LSM/YSZ/Ni-YSZ 
(anode) at 650°C and 750 °C. The performance enhancement is 
due to improved cathode, anode and electrolyte characteristics. 
LSCF has been reported as one of the best cathode materials due 
to its high MIEC. Functional layer of Ni- YSZ provides higher 
electrocatalytic area for better anode reaction and also better 
electronic path due to lower porosity. 

The advantage of higher ionic conductivity of ScSZ com- 
pared to the values of YSZ was also clearly reflected in our single 
cell tests. IR (ohmic resistance) was reduced from 0.22 Q cm? 
to 0.15 2 cm? at 750°C and from 0.5 2 cm? to 0.34 Q cm? at 
650°C by changing electrolyte from YSZ to ScSZ as shown in 
Fig. 5. Polarization losses from electrodes were also significantly 
reduced. ScSZ electrolyte cell showed 50% of performance 
increase due to lower ohmic and electrode polarization com- 
pared to YSZ system. The influence of electrolyte to electrode 
performance has to be investigated further in detail. 


3.2. Stack operation 


3.2.1. LSM/YSZ/Ni-YSZ-based 15-cell stack 

A 15-cell stack was manufactured by using 5cm x 5 cm cells 
of anode-supported LSM/YSZ/Ni- YSZ. The power output of the 
stack was about 60 W as shown in Fig. 6(a) when 150 sccm of 
H2 at anode and 300 sccm of air at cathode per cell were sup- 
plied. When H3 and Air supplies were increased to 300 sccm and 
400 sccm, the power output was increased to the about 85 W due 
to decrease of concentration overpotentials [1]. The maximum 
power when Hy/air flow rates were 150/300 sccm was about 
60 W at near 6 A. The maximum power was changed to 85 W at 
9 A when Ho/air flow rates were changed to 300/450 sccm. The 
limiting current behavior due to concentration overpotentials 
are very clearly observed at the stack operation. The long-term 
stack performance was monitored as shown in Fig. 6(b). Dur- 
ing 8000h, Current density was loaded as 150 mA cm7? for 
8000h continuously and the stack voltage was measured. At 
the first 300h, the stack voltage was sharply decreased and 
then stabilized as 10 V. The initial degradation of the stack 
may be mainly due to oxidation of interconnects (Inconel 600) 
and increased contact resistance at cathode sides. In open cir- 
cuit condition, 15 cells of the stack showed very uniform OCV 
(open circuit voltages). However, as current of the stack became 
increased, the stack exhibited significant unevenness as seen in 
Fig. 7. This problem was solved by changing stack and channel 
structures. 


3.2.2. LSCF/YSZ/FL/Ni-YSZ-based 5-cell stack 

A 5-cell stack was built using LSCF/YSZ/FL/Ni-YSZ sin- 
gle cells of 5cm x 5cm and STS 430 interconnects as shown 
in Fig. 8(a). The current—voltage—-power characteristic curves 
(-V-P curve) of the stack are presented in Fig. 8(b). The condi- 
tion of reactant gases of H2, N2 (diluent gas of anode side) and 
air were 600 sccm, 400 sccm and 1500 sccm at 650°C, 700°C 
and 750°C. The 5-cell stack showed the maximum power den- 
sities of 20 W, 25 W and 30 W at 650°C, 700°C and 750°C, 
respectively. 
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Table 1 
Summaries of maximum power density with various types of LSM/YSZ/Ni- YSZ, LSCF/YSZ/FL (Ni- YSZ)/Ni-YSZ and LSCF/ScSZ/FL (Ni-YSZ)/Ni- YSZ cells 
using hydrogen as a fuel at 750°C and 650°C 


Temperature (°C) Cell structure Maximum power density (mW cm~?) Current density (mA cm~*) 
LSCF/ScSZ/FL (Ni-YSZ)/Ni- YSZ (anode) 543 1251 

650 LSCF/YSZ/FL (Ni-YSZ)/Ni-YSZ (anode) 380 799 
LSM/YSZ/Ni-YSZ (anode) 110 233 
LSCF/ScSZ/FL (Ni-YSZ)/Ni-YSZ (anode) 3560 

750 LSCF/YSZ/FL (Ni-YSZ)/Ni-YSZ (anode) 1200 2610 
LSM/YSZ/Ni-YSZ (anode) 333 700 
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Fig. 5. ac impedance curves of the LSCF/ScSZ/Ni-YSZ and LSCF/YSZ/Ni- Fig. 6. Performance of 15-cell stack at 750 °C. (a) I-V Characteristics at 750 °C. 
YSZ cells using hydrogen as a fuel at (a) 750°C and (b) 650°C. (b) Long-term data for 15-cell stack at 750°C. 
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per cell at 750°C 
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Fig. 9. Photograph of short stack (STS 430 was used as interconnects) of 
10cm x 10cm, 5-cell stack. 


When higher current was applied, the stack was unstable 
because one of the cells showed serious concentration polar- 
ization. 


3.2.3. LSCF/ScSZ/FL/Ni-YSZ-based 5-cell stack 

5-cell stacks were fabricated using STS 430 as interconnects 
and LSCF/ScSZ/FL/Ni-YSZ cells of 10cm x 10cm (Fig. 9). 
Long-term stack performance was monitored as shown in 
Fig. 10. Current densities were kept as constant and stack volt- 
ages were measured. 

The stack using ScSZ showed sharp voltage degradation at 
the first 400 h operation as seen in Fig. 10, which was not shown 
in YSZ-based stack. Contact resistance problems due to oxida- 
tion of interconnects are gradually accumulated while the stack 
is continuously operated for several thousand hours as seen in 
Fig. 6(b). Therefore, the rapid degradation shown in Fig. 10 is not 
due to the oxidation of interconnects but the chemical instability 
of ScSZ. 
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Fig. 8. Performance of 5-cell stack using LSCF/YSZ/Ni-YSZ cells and stainless Fig. 10. Performance of (LSCF/ScSZ/FL/Ni-YSZ), 5-cell stack (10cm x 
steel. (a) 5 x 5cm?, 5-cell stack. (b) ZV curves of 5cm x 5cm, 5-cell stack at 10cm) and single cell at 650°C (STS 430 was used as interconnects in 5-cell 
650°C, 700°C and 750°C. stack). 
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The chemical instability of ScSZ been discussed at several 
references [17—20]. The instability lowers ionic conductivity of 
ScSZ and results in performance degradation in cells during 
long-term tests. This problem is under investigation in more 
detail and the results will be reported soon. 

After the initial degradation, the stack was in continuous 
operation for 4700 h at 650 °C without significant degradations. 
After continuous operation at 650°C, the operation temperature 
of the stack was increased to 700°C, which is considered as 
practical operating temperature in a real residential power gen- 
eration (RPG) system considering efficiency and stack size. The 
stack can produce higher power output and efficiency at 700 °C 
than 650°C, but it may cause faster degradation, especially at 
stack due to the faster oxidation in cathode side of intercon- 
nect and decreased conductivity caused by unstable ScSZ phase. 
The stack performance is still under operation at 700°C and the 
results will be reported later. However, before about 4700 h, each 
cell and/or stack showed uniform behavior. 


3.3. SOFC 5-cell stack operation with reformate gases of 
methane 


A small stack of 5-cell as LSCF/YSZ/FL/Ni- YSZ was oper- 
ated with a methane autothermal reformer as shown in Fig. 11 
under various anode fuel gas conditions. First, we operated 
the stack with synthetic gases of various H2/CO ratios and 
monitored the effects of them. Synthetic gases were balanced 
by nitrogen and the ratio of (CO +H2)/N2 is set to the same 
value as the ratio of (Hz +CO)/others in reformate gases from 
the methane autothermal reformer at reforming temperature of 
700°C. Fig. 12 shows J-V characteristic of each fuel condition. 
For synthetic gases, there were very little differences among 
I-V characteristic curves for different H2/CO ratio. It indicates 
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Fig. 11. Apparatus for SOFC stack operation with the methane reformer. 
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Fig. 12. Performance of LSCF/YSZ/FL/Ni- YSZ cells by using methane gas. 
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Fig. 13. Calculated and measured OCVs for H2/CO mixtures and reformate gas. 


that H2/CO ratio dose not have strong effects on SOFC stack 
performance considering J-V characteristics. CO was nearly 
equivalent to H2 as a fuel gas for SOFC cell under our exper- 
iment conditions. Therefore, H2/CO ratio in the reformate gas 
would not be an important factor for SOFC when we operate 
a reformer for SOFC system. However, the J-V characteristic 
of the stack fed by reformate gas from autothermal reformer of 
methane is easily distinguished from those of the stack fed by 
synthetic gases. The difference was relatively large at the OCV 
condition. It is due to dilution effect of OCV of steam. OCV 
does not change for different H2/CO rations, but shows signif- 
icant difference when steam content increases as seen Fig. 13. 
Water content was about 10% in reformate gas while about 3% 
in synthetic gases feed which was humidified with bubbler. 


4. Conclusions 
4.1. Single cell experiment 
Three types of anode-supported cell were developed to ensure 


high efficiency and performance for intermediate temperature 
operation. When thin and relatively dense functional layer (FL) 
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between electrolyte and anode to increase triple phase bound- 
ary (TPB) area and to decrease polarization was adopted. The 
performance of single cell was increased. 

The performance of LSCF/YSZ/(functional-layered Ni- 
YSZ)/Ni-YSZ and LSCF/ScSZ/(functional-layered Ni-YSZ)/ 
Ni-YSZ single cell showed maximum power density of 
1.2Wcm-? and 1.7Wcem™? at 750°C, respectively, and 
0.36 W cm~? and 0.55 W cm~? at 650°C. IR (ohmic resistance) 
was reduced from 0.22 Q cm? to 0.15 Q cm? at 750°C and from 
0.5 2 cm? to 0.34 Q cm? at 650°C by changing electrolyte from 
YSZ to ScSZ. 


4.2. Stack performance 


Stack based on LSM/YSZ/Ni-YSZ was fabricated and its 
performance at temperature range 650-750 °C was measured. 
15-Cell stack by using Inconel as interconnect material showed 
stable performance over 8000h at 750°C. The degradation 
of stack at initial state is considered to be caused mainly by 
undesired oxidation of interconnects. The ScSZ electrolyte cell 
showed 50% of performance increase due to lower ohmic and 
electrode polarization compared to YSZ system. However, ScSZ 
used stack showed rapid degradation at initial stage due to insta- 
bility of ScSZ. Five-cell stack was operated by using syngas 
(H20/CO mixtures) and reformate gases of methane. H2O/CO 
ratios in syngases does not have effects on SOFC stack per- 
formance. However, steam contents affect OCV due to dilute 
effect of Nernst potential. The stack showed comparable perfor- 
mance by using reformate gas to synthetic gases or hydrogen at 
operating conditions. 
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